With the relativistic Coulomb wave function boundary condition, the energies, widths and wave functions of the single proton resonant states for 17 Ne are studied by the analytical continuation of the coupling constant (ACCC) approach within the framework of the relativistic mean field (RMF) theory. Pairing correlation and contribution from the single particle resonant states in the continuum are taken into good consideration by the resonant Bardeen-Cooper-Schrieffer (BCS) approach, in which constant pairing strength is used. It can be seen that the full self-consistent calculations with NL3 and NLSH effective interactions, agree well with the latest experimental measurements, such as binding energies, matter radii, charge radii and densities. The level of π2s 1/2 states lies just above that of π1d 5/2 and the occupation probability of the (π2s 1/2 ) 2 level is 20%, which are in accordance with the the shell model calculations.
I. INTRODUCTION
The study of unbound or loosely bound exotic nuclei casts a new light on the discovery of nuclear halo structure [1] . The valence nucleons can be readily scattered into single-particle resonant states in the continuum. Due to the small binding energy and small or no centrifugal barrier conditions, the valence nucleons tunnel out of the potential barrier to long distances with an extended density tail to form the so-called halos. Therefore, the resonant states in the continuum and the coupling between bound states and the continuum near the threshold play an important role in the description of halo phenomena [2, 3] . In most calculations, the continuum is replaced by a set of positive energy states without the contribution of the widths, determined by solving the Hartree-Fock-Bogoliubov (HFB) or relativistic-HartreeBogoliubov (RHB) equations in coordinate space and with box boundary conditions [4, 5] .
The properties of the quasipaticle resonant states in the continuum, such as the widths, are taken into account for the neutron case by the resonant Bardeen-Cooper-Schrieffer approach based on the relativistic mean field theory (RMF-rBCS) [6] [7] [8] .
Neutron halos have been prominently observed in experiment [1, [9] [10] [11] [12] and investigated for neutron rich nuclei theoretically [13] [14] [15] [16] [17] , while those for proton halos are still few because of the Coulomb barrier [18] [19] [20] , especially for the two-proton halo [21] . As one of the candidates, 17 Ne aroused great interest from both the experimental [22] [23] [24] and theoretical aspects [25] [26] [27] [28] . Latest measurements of high-precision mass and charge radius on 17−22 Ne, including the proton-halo candidate 17 Ne, have been performed with Penning trap mass spectrometry and collinear laser spectroscopy [23] . The charge radii of 17 Ne is determined for the first time, as well as the binding energy and root mean square (rms) experimental error bar. Recently, the reaction cross sections for 17 Ne are measured by transmission method and the corresponding density distribution is deduced from a modified Glaubertype calculation [24] .
In the present paper, we focus on the properties of the single proton resonant states, which are extracted from the analytical continuation of the coupling constant (ACCC) approach within the framework of the RMF theory. A theoretical description of two-proton halo candidate 17 Ne is reasonably given, including the binding energy, matter radius, charge radius, density and occupation probabilities of the proton resonant states. The full self-consistent RMF+ACCC+BCS approach with the relativistic Coulomb wave functions boundary con-dition are used and systematically introduced in Sec. II. The numerical details are given in section III. We apply this scheme to calculate the proton resonant states in 17 Ne and compare the theoretical results and the experimental results. Finally, we give a brief summary in Sec. IV.
II. THEORETICAL FRAMEWORK

A. The Relativistic Mean Field Theory
The basic ansatz of the RMF theory is a Lagrangian density whereby nucleons are described as Dirac particles which interact via the exchange of various mesons (the scalar σ, vector ω and iso-vector vector ρ) and the photon [29] [30] [31] [32] [33] 
where M is the nucleon mass and m σ (g σ ), m ω (g ω ), and m ρ (g ρ ) are the masses (coupling constants) of the respective mesons.
A nonlinear scalar self-interaction
4 of the σ meson has been included [34] . The field tensors for the vector mesons are given as
The classical variation principle gives the following equations of motion
for the nucleon spinors, where ε i and ψ i are the single-particle energy and spinor wave function respectively, and the Klein-Gordon equations
for the mesons, where
are the vector and scalar potentials respectively and the source terms for the mesons are
It should be noted that the contribution of negative energy states are neglected, i.e., the vacuum is not polarized. Moreover, the mean field approximation is carried out via replacing meson field operators in Eq. For spherical nuclei, the potential of the nucleon and the sources of meson fields depend only on the radial coordinate r. The spinor is characterized by the angular momentum quantum numbers l, j, m, the isospin t = ± 1 2 for the neutron and the proton respectively, and the other quantum number i. The Dirac spinor has the form
where Y l jm (θ, φ) are the spinor spherical harmonics. The radial equation of the spinor, i.e. Eq. (3), can be reduced to [14] 
in which V p (r) = V V (r) + V S (r), V m (r) = V V (r) − V S (r), and κ = (−1) j+l+1/2 (j + 1/2). The meson field equations can be reduced to
where φ = σ, ω, ρ, and photon ( m φ = 0 for photon). The source terms read
and
By solving Eqs. (8) and (9) in a meshed box of size R 0 self-consistently, one can calculate the ground state properties of a nucleus. The vector potential V V (r) and the scalar potential V S (r), energies and wave functions for bound states are also obtained.
B. The RMF-ACCC approach
The ACCC approach as a bound-state-type method to study resonant states in the continuum, has the merit of numerical simplicity and easy to be implanted. The basic idea is a resonant state will become a bound state if one increases the attractive potential. Resonance parameters (i.e. energy and width) and wave function for a resonant state can be obtained by an analytic continuation from the bound-state solutions [35] . In our scheme, the continuation is carried out via a Padé approximant (PA).
It should be noted that the ACCC approach is applicable for the repulsive Coulomb case, which has been pointed out in Ref. [35] . In this sense, it can be used for proton decay because of the repulsive Coulomb potential. Within the framework of the nonrelativistic Schrödinger equation, the ACCC approach has been applied to study single-particle resonant states for proton decay in spherical and deformed nuclei in Woods-Saxon potentials [36] .
By increasing the attractive potential as V p (r) → λV p (r), a resonant state will be lowered and becomes a bound state if the coupling constant λ is large enough. Near the branch point λ 0 , defined by the scattering threshold k(λ 0 ) = 0, the wave number k(λ) behaves as
which is an ansatz in the relativistic framework inspired by Kukiulin [35] and confirmed to be good by our numerical calculation [37, 38] . These properties suggest an analytic continuation of the wave number k in the complex λ plane from the bound-state region into the resonance region by Padé approximant of the second kind (PAII) [35] k
where
N are the coefficients of PA. These coefficients can be determined by a set of reference points x i and k(x i ) obtained from the
Dirac equation with
With the complex wave number k(λ = 1) = k r + ik i , the resonance energy E and the width Γ can be extracted from the
In the non-relativistic limit (k ≪ M), Eq. (14) reduces to
It is evident that the continuation in the coupling constant can be replaced by the continuation in k plane along the k(λ) trajectory determined by Eq. (13) to the point k R corresponding to the wave number for Gamow state, i.e., [35] . Similarly, the wave function ϕ(k R , r) for a resonant state can be obtained by an analytic continuation of the bound-state wave function ϕ(k i , r) in the complex k plane. One can also prove that the wave function ϕ(k, r) is an analytic function of the wave number k in the inner region r < R 0 where the Jost function analyticity dominates [35] . Therefore, we use the technique, which has been adopted to find the complex resonance energy, to determine the resonance wave function ϕ R (r) = ϕ(k R , r). Firstly, we construct the PA to define the resonance wave function at any point r in the inner region (r < R 0 ) [35] 
where the coefficients a i (r) (i = 0, 1, . . . , L ′ ) and b j (r) (j = 1, 2, . . . , N ′ ) are dependent on r. These coefficients can be determined by a set of reference points k i and ϕ(k i , r) obtained from the Dirac equation with
can be extrapolated in this way. It should be noted that the resonance wave function can also be analytically continued by the bound-state wave function ϕ(x i , r) in the complex x ≡ √ λ − λ 0 plane [35] . We also try to construct the PA to define the resonance wave function at any point r in the inner region (r < R 0 ) in the following way,
The variants in above expression have the same meaning as those in Eq. (16) except that the wave function k is replaced by x. Accordingly, the resonance wave function In the outer region (r > R 0 , V nucl (r) ∼ 0 ), the asymptotic wave functions of the protons are the solutions of Eq. (8) 
in which α refers to fine structure constant and equals one in the natural unit ( = c = e = 1).
The final results for the upper and lower component are respectively [39] ,
in which γ satisfied with The outer wave function is matched to the inner wave function at r = r m < R 0
where C(k R ) and D(k R ) = tan δ κ (k R ) with δ κ (k R ) the phase shift are the coefficients for matching. It has been found that δ κ (k R ) is almost a constant when r m is large enough. Given the upper component, the lower component F κ (r) can be calculated from the relationship between the upper and the lower components derived from Eq. (18), i.e.,
Finally, the resonance wave function is normalized according to the Zel'dovich procedures [35] .
C. The RMF+ACCC+BCS approach
On the basis of the RMF-ACCC approach, pairing correlation for open shell nuclei is treated by the BCS approximation with the width effect in resonant states of the continuum considered. That is so called the RMF+ACCC+BCS approach. The BCS approximation has the merit of simplicity, but thought to be not reliable for those nuclei near the drip line, due to the improper treatment of the continuous states [3, 40] , i.e. the inclusion of the spurious continuous states which change with the box size. This can be solved by the proper treatment of resonant continuum in the pairing correlation, taking only the real resonant states into consideration and kicking the spurious continuous states off from the continuum [7, 8] . Therefore, the contribution of the continuum, especially for those singleparticle resonant states in the continuum, to the pairing correlation for exotic nuclei is in great need of consideration.
The level density of the continuum [41] (single-particle resonant states)
is introduced into the pairing gap equations instead of the discretized continuous states, in which δ α is the phase shift of the scattering state with angular momentum (l α , j α ), representing the variation of the localization of scattering states in the energy region of a resonance.
Suppose the pairing matrix elements are constant in the vicinity of the Fermi level [42] , the gap equations can be rewritten as:
The sums i and α run over the bound states and resonant states involved in the pairing calculations, and I α is an energy interval related to each partial wave (l α , j α ). In this way, the contribution of the resonant states with width effect is naturally included. For a very narrow resonant state, the factor g α becomes a delta function.
Taking account of those resonant continuum in the gap equations, the expressions of various densities should be modified as:
The Dirac equation, meson field functions as well as the photon field function with new densities Eqs. (26, 27, 28, 29) are solved self-consistently in an iterative way. The total binding energy is given by the expression,
in which the last two terms are the modified pairing energy and the correction for the spurious center of mass motion, respectively.
III. NUMERICAL DETAILS, RESULTS AND DISCUSSION
Using the single-particle energies and wave functions extracted from the RMF approach for bound states and the RMF-ACCC approach for resonant states with relativistic Coulomb wave functions boundary condition [43] , we solve the BCS gap equations with the contribution of the continuum and obtain the Fermi energy, pairing gap as well as the occupation probabilities of quasi-particle states [8] . The nuclear densities composed of quasi-particle states are recalculated with the contribution of the widths. New meson field functions as well as the photon field function, and new potentials are used to recalculate the single-particle energies and wave functions of the bound states by solving coupled Dirac equations. New resonance parameters and wave functions are worked out by the RMF-ACCC approach.
Therefore, the RMF+ACCC+BCS calculations are numerically self-consistent by an iterative way until convergency. In our calculations, the energies are in the precise of 10 −3 MeV and that of the densities is 10
It is our first attempt to describe the proton-rich odd nucleus in a fully self-consistent way by RMF+ACCC+BCS approach, with the consideration of the proton resonant continuum states contributions and pairing correlations. We are seriously eager to know how far we can go with our model. Furthermore, the recently improved experimental measurements for 
in which the binding energies are taken from Ref. [44] . Highly excited resonant states with large widths, such as 1d 3/2 and 1f 7/2 are ignored in our calculations because of the minor occupation probability. For odd neutrons, the blocking effect is considered in the pairing correlation. In order to show the contribution from the single particle energies to the whole binding energies, the single proton levels structure of 17 Ne are displayed in Tab. II, which are calculated by the full self-consistent RMF+ACCC+BCS approaches with NL3 and NLSH effective interactions, respectively. For protons, the bound states 1s 1/2 , 1p 3/2 , 1p 1/2 , as well as the single resonant states 1d 5/2 and 2s 1/2 with narrow widths, have quite similar structure for NL3 and NLSH effective interactions. The single proton levels in 17 Ne are plotted in tunnel the barrier, which are proportional to the widths of the single-particle states.
In Fig. 2 In order to investigate the detailed contribution to the radii, we plot the occupation probabilities of the proton single-particle states 1s 1/2 , 1p 3/2 , 1p 1/2 , 1d 5/2 and 2s 1/2 in 17 Ne by the RMF+ACCC+BCS approach in Fig. 3 . In our calculations, the occupation probability of (2s 1/2 ) 2 is about 20%, and that for (1d 5/2 ) 2 is about 80% for the effective NL3 interaction, which is in accordance with the prediction in shell-model calculations [47, 48] . The real part of the wave functions for the upper component of proton resonant states 1d 5/2 and 2s 1/2 in 17 Ne by the RMF+ACCC+BCS approach are respectively plotted for NL3 and NLSH effective interactions in Fig. 4 . The extension of the wave functions for 1d 5/2 and 2s 1/2 can be clearly seen at r > 3 fm, which give main contribution to the density of this range for 17 Ne.
Experimental studies [22] [23] [24] 49] might occur. An effort on this point within the framework of RMF theory is in the process.
IV. SUMMARY
The energies, widths and wave functions of the single proton resonant states for The RMF+ACCC+BCS approach can take good consideration of the pairing correlation for proton-rich nuclei with only a few narrow resonant states and can be safely extrapolated to describe exotic nuclei. Since many nuclei are deformed, it is necessary to include the deformation effect in the model to describe the deformed exotic nuclei. We are developing the deformed RMF+ACCC+BCS approach to study the properties of the deformed nuclei. 
